ABSTRACT We present and apply a methodology for the singleshot measurement of absolute concentrations of the OH-radical in a turbulent, premixed natural gas/air flame. The method is based on a combination of detailed numerical simulations of the turbulent flame and an experimental approach using planar laser-induced fluorescence (LIF). The numerical simulation is used to predict LIF intensities. It shows the existence of a sharp correlation between the LIF signal after excitation of the A-X(3,0) P 2 (8) transition near 248.45 nm and OH concentrations for a wide range of conditions, including stationary and instationary laminar flames of different strain rates, with different models to treat molecular transport and different degrees of heat loss. This correlation allows the transformation of measured OH-LIF intensity images into absolute OH concentration maps. Absolute concentration measurements of chemical species in flames are crucial for the development of quantitative combustion models, or for a detailed investigation of a given combustion device. It is often desired to gain multidimensional information, either to obtain a more complete image of the combustion in a spatially inhomogeneous system (like the combustion chamber of an engine or a gas turbine), or to infer explicit information about the local gradients of a quantity, e.g., in a flame front.
Absolute concentration measurements of chemical species in flames are crucial for the development of quantitative combustion models, or for a detailed investigation of a given combustion device. It is often desired to gain multidimensional information, either to obtain a more complete image of the combustion in a spatially inhomogeneous system (like the combustion chamber of an engine or a gas turbine), or to infer explicit information about the local gradients of a quantity, e.g., in a flame front.
In this work, we present and apply a method for measuring concentrations of the hydroxyl radical (OH) using laserinduced fluorescence (LIF). The approach is based on detailed numerical modelling of both the thermochemical states in a methane/air combustion system and the LIF-spectroscopy of OH.
The problem in performing absolute concentration measurements with LIF is generally that the relationship between the observed quantity (mostly, the intensity of the emitted fluorescence) and the desired quantity (e.g., the concentration of the fluorescence emitter) is often rather complex. The signal is almost always influenced by more than only one species, via effects like collisional deactivation of the laser-excited state (quenching) or pressure broadening of absorption lines. Also, it often displays a strong temperature-dependence via the thermal population of the laser-coupled ground state. Formally expressed, the measured signal S is a function f of all components of the state vector ψ ≡ ( p, T, x i ), S = f(ψ), not only of one single variable. This means that the observable signal does not provide sufficient information to deduce the value of any of these variables, as the equation S − f( p, T, x i ) = 0 is underdetermined.
We show, however, that the situation becomes much better if we consider that the different components of the state vector are not independent from each other. Correlations exist that link concentrations of different species, and species concentrations and temperature together; these correlations provide additional information that can be combined with the results from the measurements. By properly exploiting these correlations, much of the "classical" problems in LIF measurements (like quenching or changes in thermal population of the lasercoupled ground state) can be mitigated or even completely eliminated. In this work, we perform a wide range of numerical simulations in order to collect all the possible state vectors that can be realized in a premixed, turbulent methane/air flame. These simulations include laminar one-dimensional flames with different strain rates, stoichiometries, and specific enthalpies. Additionally, state vectors resulting from homogeneous reactor calculations are considered, so as to account for instationary effects and for mixing of air into the flame gases. From this large set of accessible state vectors, OH-LIF signals are calculated. We show that a quite sharp and unique correlation between the LIF signal and OH number density exists; in fact, the correlation is sharp, unique and universal enough to be used for the determination of absolute OH number densities from OH-LIF measurements in a wide range of premixed methane/air-flames, without requiring further information or assumptions about temperature fields or the quenching environment. We present an application of the method to absolute measurements of OH concentrations in a turbulent, premixed natural-gas/air flame.
Methodology
The method for measuring absolute values of OH is based on measuring LIF signal intensities LIF, and transforming them into OH number densities [OH] by using computed correlations between LIF and [OH].
The OH-LIF signal LIF measured in an experiment is given by
with the incident laser intensity I laser and the instantaneous temperature T . f B (T ) is the fractional part of molecules in the laser-coupled ground state (Boltzmann fraction), σ eff is the effective absorption cross-section (i.e., the absorption crosssection where the finite spectral width of the laser and the absorption line are regarded), A 21 is the Einstein coefficient for spontaneous emission and Q 21 and P are quenching and predissociation rates, respectively. A 21 and P are specific to the excitation/detection strategy and independent of the state vector ( p, T, x i ). Commonly, σ eff and the quenching rate are, due to their strong dependence on collisions a rather complex function of p, T and x i . In our approach, a predissociative upper level was excited with the laser, so that A 21 , Q 21 P. The rate for the spontaneous emission A 21 in the (3,0) band is of the order 1.6 × 10 4 s −1 and for quenching of the order of approximately 10 9 s −1 depending on the properties of the surroundings like temperature and quenching partners. The order of predissociation is about 1 × 10 10 s −1 . Compared to this effect of collisional quenching at the considered conditions (a pressure of 1 bar) is therefore negligible. Note, the approach presented here is not limited to predissociative LIF. In "conventional" LIF schemes, however, the influence of the state vector on Q and T must be incorporated as well.
We express the measured OH LIF in units of a normalized signal LIF standard that is obtained in a standard calibration flame (see below, [1] ), with known laser-intensity, temperature, pressure and species mole fractions. We use the symbol LIF OH for this normalized signal (a dimensionless quantity), in order to distinguish it from the actual LIF signal (in units of intensity counts of the employed detector):
where LIF standard is the LIF signal measured in a standard flame with the same experimental setup (i.e., the same pump laser intensity, same characteristics of the employed light collection system and of the detector) as the actual measurement. LIF OH is then a function of [OH] and T only, LIF OH = f([OH], T ), and does not depend on a particular experimental situation. This allows us to get rid of purely experimental parameters (laser intensity, collection efficiency of the employed detection line) and constant spectroscopic terms (namely, A 21 /P and σ eff , and also photo-bleaching effects in the case of constant pump laser irradiance). Note that in the case of varying pressures, the pressure-dependent variation of the line-shapes must be included. In that case, f is a more complex function of the state vector. In our case with predissociative LIF we can make the simplification that the only temperature influence on the measured OH-LIF signal is through the Boltzmann fraction. We assume that vibrational energy transfer to neighboring states (where the assumption of fast predissociation rates is not correct) is negligible. In fact the emission from the A-X(2,1) transition falls partially into the detected wavelength range and contributes approx. 30% to the over-all signal. If this signal contribution is varied due to collisional quenching by 30% an over-all error of 7% would result that we consider negligible.
In 
The function f [OH], T can be determined by spectroscopical modelling. Equation (3) 
is one equation in two unknowns ([OH] and T ). By considering results from numerical simulations, an additional relationship R([OH], T ) can be added to (3)
, and a unique solution may become possible. The equation system then reads
This is a system of two equations for the two unknowns [OH] and T . The function f([OH], T ) depends on the experimental configuration (the LIF-excitation and -detection scheme, as well as the experimental setup). R([OH], T ) is independent
of any experimental issues, but reflects correlations that are intrinsic to the thermochemical and physical properties of the combustion system under investigation. The investigated object is a highly turbulent, premixed natural gas/air flame that is stabilized on a bluff-body burner. The equivalence ratio of ϕ = 0.95 ± 0.01 was controlled by mass-flow controllers. The burner consists of a steel tube with an outer diameter of 50 mm and an inner diameter of 45 mm with a concentric bluff-body (dia. 35 mm). A natural gas/air mixture flows (55 m 3 /min) through the crevice between tube and bluff-body. The Reynolds number of the cold flow is about 15 000. The burner is enveloped by a co-flow of filtered air (exit diameter 200 mm) to guarantee dust-free flame gases and ambient air, and to reduce the shear forces between the flame and the surroundings. In the flame a strong recirculating vortex transports hot burned gases continuously towards the region close to the burner exit and therefore stabilizes the combustion process. The shape of the flame is statistically axisymmetric, and the visible flame cone is about 50 cm long. A considerable entrainment of air into the burned gases can be observed. Especially, with increasing height above the burner this effect increases. The overall flame structure has been characterized in previous work by point-wise Raman measurements that were performed at many different radial and axial locations in the flame [2] . For automated measurements at arbitrary points in the flame the burner is mounted on a precision xy-positioning stage.
OH-LIF measurements

Measurements of [OH]
with planar LIF The technique of planar laser-induced fluorescence is a measurement technique which is common for the detection of two-dimensional species concentrations [3] [4] [5] . However, to quantify the measured concentration distributions, additional temperature information is needed to correct for the T -dependence. These temperature fields must be measured simultaneously to allow the measurement of instantaneous species concentrations which is often a problem of limited optical access to the measured plane [6] . An alternative is to excite ground-state levels where the T -dependence of f B (T ) (or the over-all T -dependence of the LIF signal [7] ) is minimized in the expected temperature range. In the present case we measured OH-LIF intensities in the described turbulent burner and we apply the approach presented above of quantifying LIF signals by combining measurement techniques with concentration-temperature-correlation-information obtained from numerical simulations.
A narrowband KrF excimer laser (Lambda Physik, EMG 150 TMSC, 160 mJ per pulse, 0.5 cm −1 line width) is tuned The beam is focused cylindrically to form a 300 µm thick light sheet that crosses the observed volume (Fig. 1) . The spectral irradiance of the laser beam was 85 MW/cm 2 /cm −1 . A reflection band pass filter (Laseroptik, 295 ± 10 nm) separates the OH-LIF signal emitted from the A-X(3,2) band from interference. Signal is then imaged by a intensified CCDcamera (LaVision, StreakStar) with a UV lens (Halle, UV lens, f = 300 mm, f # = 5.0). As outlined above, the measured signal LIF is normalized to the OH-LIF signal LIF standard measured in a McKenna burner at well defined conditions [1] ; thus, the normalized LIF signal LIF OH is obtained.
Photochemical effects have been reported for the excitation of OH in the A-X(3,0) band with a KrF excimer laser with high spectral irradiances. Photodissociation of H 2 O can double the measured OH-LIF signals as reported by Nguyen et al. [8] . In their work, significant excess signals were observed at 300-400 ns after the laser pulse. In order to minimize the impact of photodissociation, we detect the signal within 200 ns after the laser pulse. For laser irradiances above 20 MW/cm 2 /cm −1 , photobleaching effects of the laser-coupled ground states have been reported, too. They reduce the signal by ∼ 25% for irradiances > 100 MW/cm 2 /cm −1 [8] . But as photobleaching affects the calibration measurement to the same extent, it can be neglected here, as long as the laser irradiance properties are constant throughout the observed area (i.e., no significant absorption of pump laser light occurs).
4
Numerical procedure
The basic idea of our approach is to collect all scenarios (combinations of temperature and species concentrations) that the system can achieve, and to calculate the To model the thermochemical behavior of the flame, including the effects of molecular transport and detailed chemistry, one-dimensional calculations of a premixed flame embedded in a counterflow configuration were performed (Fig. 2 , frame a, see Maas and Warnatz [9] , and Stahl and Warnatz [10] for a detailed description of the underlying equations and the numerical procedure). The chemical source term needed for the calculations was based on a detailed methane/air mechanism, involving 295 elementary reactions of 34 species [10] . For the one-dimensional flame calculations, different transport models were regarded: a model with Lewis-number Le = 1, one with Le = 1, but equal species diffusivities, and a model with detailed treatment of molecular transport for heat and each individual species, including the Dufour-and Soret-effect.
The feeds on both sides contained unburned methane/air mixture at nominally the same temperature (T 0 = 300 K), pressure ( p = 1 bar) and chemical composition (fuel/air equivalence ratio ϕ 0 = 0.95) like in the experiment. To determine the sensitivity of the results with respect to these input parameters, calculations were performed where ϕ 0 and T 0 were varied in a range around the nominal values. The flow rates of the feeds were also varied over a wide range, in order to model the different strain rates that the flame experiences in the highly-turbulent flow of our experiment. The computational domain had a width of 1.5 cm, with fixed boundary conditions for temperature and mixture composition at both sides. The calculations were performed until a stationary solution was achieved. Both stationary and instationary flames were taken into account; the instationary flames were obtained by simulating the transition from the stationary state at one flow rate to the stationary state at another flow rate. Spatial profiles of T and [OH] (stationary solution) are depicted in Fig. 2, frame b , to exemplify the simulation results.
Furthermore, studies with a perfectly stirred reactor model were performed: a homogeneous reactor is initially filled with unburned gas, and burned gases are added according to a given mixing rate ω. The mixing rate specifies the time scale at which mass from the fresh gas stream is added to the reactor, and can be viewed as equivalent to the strain rate a of flame simulations. Simultaneously to the mixing process, chemical reactions occur in the reactor. Due to this competition of mixing and chemical reactions, the system does not reach chemical equilibrium, but attains a stationary state somewhat away from equilibrium.
The reactions in the mixing reactor are described by the same detailed chemical mechanism for CH 4 /air combustion as used for the flame calculations above. The reactor model was also employed to study the mixing of air with burned gases; this corresponds to the entrainment of ambient air into the flame, an effect that certainly occurs at some locations in our flame.
For all results from the flame and homogeneous mixing reactor simulations, LIF OH was calculated as a function of the state vector using (2) for each point in space and time. For numerical evaluations of LIF OH the following (4) was used: Varying mixing rates as indicated in the legend above the burner matrix at the local flame temperature T standard [1] .
[OH] standard = 0.00498 mol/m 3 T standard = 1879 K . It is seen that the correlation for these 1D counterflow-flames is quite universal with respect to variation of the transport model, T u , ϕ, a and also quite sharp, although not quite unique for LIF OH > 3.5. The relative uncertainty in [OH] due to this non-uniqueness is, however, small (below ±15% throughout the whole range of accessible LIF signals). Moreover, the correlation is almost linear (although this property is not required for our method).
In, frame b) the correlation between LIF OH and OH mole fractions x OH is shown. This correlation is less unique, and, consequently, a measurement of OH mole fractions x OH with the method would be less accurate.
For the homogeneous mixing reactor ( Fig. 4c and d) , almost exactly the same correlation curve LIF OH -[OH] is obtained as for the flamelet calculations. As is seen in frame 4c), mixing of fresh fuel/air mixture to the burned gas does not affect the correlation, even if extinction occurs (which is the case for ω > 5 × 10 4 s −1 ; this confirms the findings made with the 1D-flame model. Only in the case of extremely high mixing rates (ω > 3 × 10 5 s −1 ), when the time scale of mixing is in the order of microseconds (10 −6 s) and less, a slight deviation from the correlation LIF OH -[OH] is observed. This is no limitation to our method in practise, as the mixing time scales in real-world combustion systems are typically in the order of a few 10 −5 s . . . 10 −1 s. To simulate the entrainment of air into the flame, the mixing reactor was studied for the case of air being mixed with burned gas. The result is seen in frame d) of Fig. 4 . The effect is similar to the case of high strain rates; for ω 3 × The sharp correlation between [OH] and LIF OH may appear stunning at a first glance. However, it is merely a manifestation of the fact that, despite quite complex turbulencechemistry interactions being present in the flame, the state space variables (T, p, x i ) are always confined to a lowerdimensional subset of the state space. This behavior is the basis of mechanism reduction methods like the ILDM-(Intrinsic Low-Dimensional Manifolds) method [11, 12] , or the Computational Singular Perturbation method (CSP [13] ). Ultimately, all these methods (as well as ours) exploit the fact that the strongly varying time scales of different chemical reactions and physical processes (molecular transport like diffusion or heat conduction) induce algebraic relations between the concentrations of different species.
From all numerical results, the expression
is derived as a linear least-squares fit to the data shown in Fig. 4 . This expression describes the calculated data points for realistic strain rates a resp. mixing rates ω to within a relative error in [OH] of ±15%. Errors would be larger for the case when air is entrained into the flame at a very high mixing rate. In that case, measurement of a second scalar could help to obtain better accuracy. However, in all OH-LIF images we have analyzed, the LIF OH profile taken perpendicular to the local flame front-orientation clearly showed values LIF OH ris-ing from 0 (in the unburned region) to at least 6 (at the flame front). Therefore, mixing with air can not have occurred to a significant extent in our measurements.
In practical experiments, the available spatial resolution in a measurement is always an issue.
[OH] typically increases steeply in flame fronts (at a spatial scale of a few 100 µm), but LIF OH (a measured quantity) can change only at a scale that is in the order of magnitude of the experimental spatial resolution. This could affect the correlation [OH]-LIF OH , and effectively make it dependent on the spatial resolution. Figure 5 shows spatial profiles of LIF OH that are obtained for three different spatial resolutions ∆z: Full resolution (i.e., an arbitrary small spatial scale can be resolved in the measurement, ∆z = 0), ∆z = 300 µm (which is close to the spatial resolution of our experiment), and ∆z = 600 µm. The transformation of measured LIF signals to absolute OH concentrations is straightforward, using (5) . A first application example of this method is displayed in Fig. 6 . A measured false-color image of LIF OH is shown in a); to remove noise from this image, a nonlinear diffusion technique was applied [14] . Also, the corresponding map of [OH] is depicted. For our excitation-and detection-scheme, it is the result of the very simple transformation of LIF OH values into OH concentrations (according to (5) ).
For all recorded LIF-images, any spatial profile of LIF OH taken perpendicular to the flame front displayed values of LIF OH clearly exceeding six in regions close to the flame front; we therefore conclude that considerable entrainment of air did not occur at the measured locations (compare Fig. 4d ) and the LIF OH image in Fig. 6a) , so that the correlation LIF OH -[OH] (5) can be applied. The relative error in [OH] associated with the slight non-uniqueness of the correlation is then below 15%.
These are first results of a preliminary application of this method in an experimental approach. Further measurements will address the application in a wider range of different flame types.
Conclusions
We have used a combined experimental and numerical approach to measure absolute concentrations of OH in a turbulent, premixed flame of semi-technical scale. The measurement principle exploits the existence of reduced state spaces: as a consequence of this existence, LIF signals for a particular excitation-detection scheme are strongly correlated to OH concentrations. This correlation is assessed by a set of detailed numerical simulations of one-dimensional flames and a homogeneous mixing reactor, which were performed for a wide range of conditions and for different models in order to treat molecular transport. It is shown that the correlation for the employed excitation/detection scheme is quite sharp and universal, in a wide range regardless of the initial conditions (temperature of the unburned fuel/air mixture, stoichiometry) and the transport model employed used to describe heat conduction and species diffusion. Especially, non-unity Lewis-number effects or differential diffusion did not affect the correlation, compared to a simple Le = 1 model. Also, slight changes in the element composition of the gas mixture (due to entrainment of air into the flame gases) or heat losses do not notably affect the correlation. Finally, we investigated the influence of finite spatial resolution in the measurement of LIF signals; it was found that the available spatial resolution in our measurement does not affect the correlation between LIF signal and [OH] .
The ease with which OH-LIF images are transformed into absolute quantitative concentration maps shows how powerful an appropriate combination of numerical simulations and experiments can be. Accuracy and precision of measurements can be enhanced significantly by exploiting correlations between state variables.
An application of the method is demonstrated by a planar measurement of [OH] in a premixed, turbulent natural-gas/air flame. We plan to apply the method to multi-dimensional measurements and to the determination of absolute threedimensional gradients; furthermore, it will be checked if the method can be applied to non-premixed flames.
